ZnSe-based heterostructures grown on GaAs substrates have been investigated for use in pindiode LED applications. ZnSe has a large band gap, 2.76 eV, as well as a near lattice match to GaAs, 5.6688 Å vs. 5.6538 Å, respectively. In this study a metallorganic vapor phase epitaxy (MOVPE) deposition technique is used to produce doped and undoped thin films of ZnSe on (100) GaAs. Understanding the effect of deposition parameters on the crystallographic quality of the ZnSe films is important for optimizing the performance of these devices. X-ray diffraction is well suited for analyzing epitaxial thin films deposited on single-crystal substrates. In this study, a conventional Bragg-Brentano diffractometer (BBD) has been used to screen samples for phase identification, crystallite size, presence of polycrystalline ZnSe, and initial rocking curve (RC) analysis. A limitation of the conventional diffractometer is that the smallest RC full width at half maximum (FWHM) that can be achieved is 500-600 arc seconds. As deposition parameters are optimized and the RC limit of the conventional diffractometer is reached, analysis is moved to a 4-bounce high-resolution diffractometer (HRD). Although more time for analysis is required, using the HRD has a RC resolution advantage, where RCs of <20 arc seconds are obtained for neat GaAs wafers. Combining the BBD and HRD instruments for analysis of ZnSe films grown on GaAs substrates allows for an efficient means of high sample throughput combined with an accurate measurement of film alignment.
INTRODUCTION
The ability to grow high-quality heteroepitaxial structures is a critical technology for the fabrication of optoelectronic devices. A common technique is to grow modified GaAs films such as AlGaAs or InGaAs on GaAs substrates providing well-defined growth of nearly latticematched layers [1] . Potential advances in device performance have been realized by growing II-VI semiconducting films on III-V single-crystal wafers. For example, light-emitting devices based on Zn(Cd)Se quantum wells and Zn(S)Se guiding layers grown on GaAs using molecular beam epitaxy produce a blue-green luminescence spectra centered at 516.7 nm [2] . Similar structures composed of ZnSe on GaAs have also been investigated for light-generating [3] and photovoltaic applications [4] . Metallorganic vapor phase epitaxy (MOVPE) deposition of ZnSe on (100) GaAs was shown by Funato and coworkers [5] to be a practical means of growing epitaxial ZnSe layers at temperatures below 500 ºC.
The lattice constants [6] for cubic ZnSe (5.6688 Å) and GaAs (5.6538 Å) are an indication that there is a small lattice mismatch (0.27%), which helps to promote epitaxial growth of the ZnSe on GaAs. However, differences in thermal expansion coefficients can result in significant thermally induced strain during film deposition, leading to poor-quality films that will have an adverse effect on device performance. Understanding and controlling the deposition process of II-VI films on III-V substrates requires a measurement technique capable of resolving the 0.015 Å difference in the lattice constants of ZnSe and GaAs. It is also important to be able to assess the quality of epitaxial growth, as high-quality films are an indication of a low density of misfit dislocations that are due to thermal strain. In this study, a combination of conventional and highresolution X-ray diffraction (XRD) techniques has been used for microstructure analysis of ZnSe films on GaAs substrate heterostructures. Conventional X-ray diffraction utilizing BraggBrentano optics is relatively fast in regards to data collection, and is well suited for high throughput screening of ZnSe/(100) GaAs samples. There are limitations in measuring epitaxial alignment using a conventional diffractometer, which is due to divergence of the incident X-ray beam. High-resolution X-ray diffraction utilizes multibounce crystal optics resulting in a focused beam allowing for the evaluation of well-aligned films. However, high-resolution XRD typically requires long data collection times.
EXPERIMENTAL

Sample Preparation
Single-crystal (100) GaAs wafers (also referred to as substrates) were cut into 1 cm × 1 cm pieces. After cutting, each piece was cleaned using an organic degreaser, then surface etched followed by a hydrogen treatment to remove any residual oxide on the surface. Using a reactor designed at Eastman Kodak Company, ZnSe films were grown on (100) GaAs at 340 ºC using MOVPE deposition at atmospheric pressure and a carrier gas of He with a flow rate of 1-2 l/min. The precursors were diethyl zinc and ditert-butyl selenide, and the resulting ZnSe film thickness was 800-1000 nm. During deposition the reactor wall temperature was maintained at 12 ºC.
X-ray Diffraction Conventional Bragg-Brentano Diffractometer (BBD) results were obtained using a Rigaku D2000 diffractometer, Cu rotating anode X-ray source, diffracted beam monochromator tuned to CuKα radiation, and scintillation detector. Survey scans (3-70º 2θ) were collected to confirm phase identification, selected range scans (108-111º 2θ) for (600) lattice plane diffraction data provided initial assessment of film preferred orientation and crystallite size, and (600) rocking curves (53.5-55.5º θ) provided an initial assessment and screening of film epitaxy. Reciprocal space map results were obtained using a Bruker D8 diffractometer, Cu sealed tube X-ray source, and a 2D Vantec detector.
High-resolution diffractometer (HRD) results were obtained using a Bruker D8 diffractometer, Cu sealed tube X-ray source, Gobel mirror coupled with a 4-bounce monochromator aligned for CuKα 1 radiation, and a scintillation detector. Selected range diffraction patterns were collected for (400) (65.81-66.2º 2θ) or (600) (108-111.4º 2θ) diffraction peaks for evaluation of film alignment. Rocking curves for the (400) lattice plane (32.6-33.4º θ) were used for evaluating epitaxial alignment of ZnSe.
RESULTS AND DISCUSSION
Gallium arsenide and cubic ZnSe can both have the zinc blend (cubic ZnS) crystal structure [6] . Calculation of powder XRD patterns reveals that for randomly oriented GaAs and ZnSe the diffraction peaks from the (h00) family of lattice planes are weak, particularly the (200) and (600) peaks relative to the (111) diffraction peak. When the powder pattern calculations are made based on (100) orientation of the GaAs and ZnSe ((100) March coefficient (ρ = 0.01), the (h00) peaks are now more intense and the (111) diffraction peak is not observed (Table 1) . Therefore, one can expect for films of ZnSe that are epitaxially grown on (100) GaAs, only (h00) diffraction peaks will be observed in the diffraction pattern. However, the small difference in ZnSe and GaAs lattice constants will affect the ability to resolve ZnSe/GaAs (h00) diffraction peaks when using a BBD. In Figure 1 , the blue and black spectra represent the individual (h00) ZnSe (lower 2θ) and GaAs (higher 2θ) diffraction peaks respectively and the red spectrum is the summation spectra. Note that as the 2θ diffraction angle increases, we observe improved CuKα 1 α 2 resolution in the diffraction patterns for ZnSe and GaAs. We also see an increase in resolution between the respective ZnSe and GaAs peaks with the ∆2θ between the CuKα1 (200) ZnSe and GaAs peaks found to be 0.08º, 0.20º for (400) peaks, and 0.43º for (600) peaks. Based on these calculations, if a ZnSe film is epitaxially grown on a (100) GaAs wafer and the sample is to be analyzed using a BBD, the (600) diffraction peaks are preferred for X-ray diffraction screening of epitaxy.
The initial step in analyzing a ZnSe/(100) GaAs heterostructure by XRD is to collect a survey diffraction pattern. With this data one can confirm the GaAs substrate is (100) oriented (see only (h00) diffraction peaks), ZnSe is (100) oriented (see a poorly resolved (400) peak), and there is no polycrystalline ZnSe (no additional (hkl) peaks observed). One additional item that must be confirmed for ZnSe is that it is cubic since ZnSe can exist as a hexagonal phase (wurtzite structure-type) [6] . For the diffraction pattern shown in Figure 2 , the GaAs substrate is (100) oriented. Evaluation of the peak at ~65º 2θ does indicate the presence of a ZnSe (400) peak poorly resolved from the (400) GaAs peak (seen when pattern is plotted at full scale). One can also observe diffraction peaks that are due to polycrystalline ZnSe, both cubic and hexagonal phases. The presence of any polycrystalline ZnSe, cubic or hexagonal, is an indication that this sample is not acceptable for device applications, eliminating the need for further analysis. Samples with diffraction patterns where polycrystalline ZnSe is not detected are further analyzed using a BBD, collecting rocking curves to evaluate epitaxial orientation. First, a high-angle θ/2θ scan is obtained to determine the 2θ positions of the (600) CuKα 1 diffraction peaks. Based on the calculated pattern shown in Figure 1c , ZnSe films with good (h00) orientation should have a well-resolved (600) CuKα 1 diffraction peak that can be used for peak position as well as crystallite size determination using the Scherrer technique [7] . After the ZnSe (600) CuKα 1 peak position is determined, the detector is fixed at that 2θ angle and a rocking curve (θ scan) can be collected. A narrow rocking curve full width at half maximum (FWHM) is an indication of good epitaxial alignment of ZnSe on the (100) GaAs substrate. Selected range diffraction patterns for two comparative samples are shown in Figure 3 . The θ/2θ scans for Sample A show an intense well-resolved (600) ZnSe CuKα 1 peak, an indication that the film is well aligned with the (100) GaAs wafer. The crystallite size was estimated to be >1000 Å. Sample B, on the other hand, shows a low intensity (600) ZnSe CuKα 1 peak, indicating the film is (100) aligned but the epitaxial growth is of lower quality than that of Sample B. The ZnSe crystallite size was found to be 380 Å. Rocking curve data are a measure of the quality of film epitaxy. The narrower the FWHM the better the film alignment. The ZnSe RC FWHM for Sample A is 0.221º θ and for Sample B is 0.319º θ. These FWHM values can be compared to the (100) GaAs wafer, which for the BBD used in this study has a rocking curve FWHM of 0.173º θ.
In an attempt to see if additional information could be extracted from a Bragg-Brentano geometry experiment, diffraction data were obtained from Sample A using a 2D detector for data collection. The resulting reciprocal space map is shown in Figure 4 . Reciprocal space map data show a CuKα 1 ZnSe (600) diffraction peak, overlap of ZnSe CuKα 2 with GaAs CuKα 1 (600) diffraction peaks, and a CuKα 2 GaAs (600) diffraction peak. These results are similar to the point detector data shown in the Figure 4 inset. Although the 2D detector allows for rapid data collection, there is no apparent advantage in resolution or orientation evaluation when compared to the point detector BBD.
Having used the BBD data for screening initial ZnSe/GaAs sample quality, the final step is to analyze selected samples using the high-resolution diffractometer for more detail regarding epitaxial alignment. When comparing the peak width of the rocking curve for a neat GaAs substrate, the HRD FWHM was 0.0055º θ, compared to the BBD FWHM of 0.173º θ mentioned previously. Because the HRD FWHM is so small, it is appropriate to give the value in arcseconds (1º = 3600 arcseconds or 3600"). For GaAs mentioned previously, 0.0055º θ = 19.8". Samples A and B previously analyzed using the BBD were analyzed using the HRD, and the resulting diffraction patterns are displayed in Figure 5 . Because the HRD data are collected using CuKα 1 radiation, single peaks are observed for ZnSe and GaAs. An advantage of using a HRD is seen in the θ/2θ scans where the (400) ZnSe peak is well resolved from the (400) GaAs peak. Sample A has a ZnSe rocking curve FWHM of 288" (0.080º), considered to be small, and suggests that the ZnSe/GaAs heterostructure will show good performance in device fabrication. Sample B has a ZnSe rocking curve FWHM of 763" (0.212º), considered to be large, and indicates that the ZnSe/GaAs heterostructure will show poor performance in device fabrication. The differences in the observed diffraction data for Samples A and B are in part attributed to the (100) GaAs substrate cleaning process. Sample A had a more thorough cleaning than Sample B.
Once samples are screened by BBD and HRD, those samples with small rocking curve widths (<300") are selected for doping experiments. A typical process would involve doping the ZnSe film with butyl chloride to obtain a carrier concentration of about 4 × 10 18 /cm 3 . Resulting carrier mobilities of 200 cm 2 /V-sec have been achieved using films investigated in this study.
SUMMARY
X-ray diffraction has been shown to be well suited for analysis of ZnSe films deposited on (100) GaAs wafers. Using a Bragg-Brentano diffractometer allows for routine screening of samples for phase identification, presence of polycrystalline ZnSe, crystallite size, and initial assessment of orientation. Using a high-resolution diffractometer allows for the final assessment of ZnSe films epitaxial orientation on GaAs substrates. Once samples are screened by BBD and HRD, those samples with small rocking curve widths can be selected for doping experiments. Excellent carrier mobility results were obtained for well-aligned samples.
